Polyvinyl chloride (PVC)/bamboo composites have been prepared and assessed for their use in interior and exterior loadbearing applications. PVC composites were formed by compounding PVC with different bamboo particle sizes and loadings. The mechanical properties of these composites were determined at both ambient and elevated temperatures and after long-term water soaking. Analysis revealed that bamboo incorporation improved the PVC composite flexural modulus which was also observed with dynamic mechanical-thermal analysis on heating composites to ca. 70 ∘ C. Addition of 25% and 50% bamboo particles increases flexural modulus by 80% with dependency on whether fine (<75 m) or coarse (<1 mm) particles were used. On water soaking to saturation, composites had water weight uptakes of 10%, with reduced flexural properties obtained for all water-soaked composites. Nonetheless, the results of this study show that PVC/bamboo composites achieve the minimum flexural performance of ASTM D 6662, indicating potential for their use in exterior applications.
Introduction
Thermoplastic composites filled with calcium carbonate, talc, and glass fiber fillers are typically employed across several industrial sectors. Substitution of these man-made fillers with natural materials is an emerging option for this type of composite, gaining global interest in recent years, especially in the construction, automotive, and consumer goods sectors [1] . Use of natural particles from forestry or agricultural resources as filler materials in thermoplastic composites is attractive in reducing the use of fossil fuel-based materials [2] . However, typically, the performance of thermoplasticnatural filler composites varies considerably due to variations in chemical, physical, and filler microstructure properties. Despite such variations, these composites are less abrasive on processing tools and light weight and potentially offer biodegradable products when compared to man-made material-filled thermoplastic composites [1] .
Bamboo, sourced from both forest and agricultural sectors, is a potential filler material for utilization in thermoplastic composites. Bamboo is from the family of Gramineae (grass) and subfamily of Bambusoideae [3] . It is available worldwide and grows in tropical areas as well as in subtropical and temperate zones. Globally, the total bamboo area is ca. 36 million hectares and distributed between the latitudes of 46 ∘ N and 47 ∘ S and up to 3000 meters above sea level [3] . Bamboo is a renowned fast growing plant with a short maturation period and, being widely available in Asia, is considered relatively cheap compared to other forest resources [4] . Bamboo is extensively utilized in the woodbased composites sectors, particularly in China and India 2 International Journal of Polymer Science [5] , therefore offering a potential source for bamboo particle waste streams.
Arguably, bamboo particle use with thermoplastics is still in an initial phase of investigation. With commercial thermoplastics such as polypropylene (PP) and polyethylene (PE) being widely used [6] , bamboo-based composites have been formed with bamboo fibers mixed with these plastics [7] [8] [9] [10] . However, for the third-most used plastic polyvinyl chloride (PVC) [11] , only a few studies have focused on PVC composites formed with chemically modified bamboo particles [12] [13] [14] . PVC thermoplastic properties can be readily modified through addition of fillers and additives to enhance performance including flexibility, elasticity, and impact resistance [11] . Adding a natural material to PVC not only serves as composite filler but also reduces polymer use with a possibility of increasing properties such as stiffness, strength, and thermal stability [15] .
In the present study, PVC composites based on bamboo (Bambusa vulgaris) particle incorporation have been evaluated. These composites have been assessed for their potential in load-bearing applications, as the mechanical properties of analogous wood plastic composites (WPCs) can be comparable to wood-based products [16] . PVCbamboo composites and those subject to extensive water soaking have been assessed for mechanical and viscoelasticity properties at both ambient and elevated temperatures. The influences of differing B. vulgaris particle size, particle loading, and processing lubricant content levels were determined to understand the impacts of these processing variables on composite performance.
Materials and Methods

Materials Preparation.
Polyvinyl chloride (PVC, -value of 63) powder was sourced from Solvin SA. Bamboo particles were produced by milling the B. vulgaris culms, which had been harvested from a natural bamboo stand in Raub, Malaysia. Two groups of particle sizes were produced: <75 m and <1 mm, being classed as small and large particles, respectively. Commercial additives were sourced as powders and include processing aids, stabilizers, and lubricants. These were stabilizer Mark CZ2000 (Chemtura, Philadelphia, USA), processing aid Paraloid K120 (Dow Chemical Co., Michigan, USA), internal lubricant Loxiol G60 (Emery Oleochemicals, Cincinnati, USA), external lubricant Loxiol G21 (Emery Oleochemicals, Cincinnati, USA), external lubricant Ligalub GT (Peter Greven Fettchemie GmbH, Bad Münstereifel, Germany), and external lubricant Licocene PE4201 (Clariant, Muttenz, Switzerland) and were variously used for composites production.
Composite Fabrication.
The composites formulation (compositions) and production method were based on PVC/wood composites reported by Müller et al. [18] . B. vulgaris particles from each sieve size group were dryblended with PVC and powder additives in parts per hundred (pph, Table 1) using a hot-cool mixer (Reimelt Henschel, FM L 30 KM 85). The loading ratios of B. vulgaris particle: PVC in the hot-cool mixer were 25 : 75 w/w% and 50 : 50 w/w%, in accordance with the successful production of low lubricant concentrated PVC/bamboo composites using 1.2 pph of dicarboxylic acid ester (internal lubricant) and 0.15 pph of polyethylene wax (external lubricant) [17] , together with additional lubricant contents level used in the present paper. The concentrations of lubricants were increased: 3.6 pph for dicarboxylic acid ester (internal lubricant) and 0.45 pph for polyethylene wax (external lubricant). Composition 1 (C 1 ) and composition 2 (C 2 ) were designated as low and high contents of these additive ingredients. The blending temperature was 120 ∘ C for the hot section and 40 ∘ C for the cool section of the mixer.
The dry-blended powders were further compounded by counterrotating double screw extrusion (Leistritz Micro 27 40D) at 180 ∘ C and 90 rpm screw rotation to produce granules. The granules were then compressed into molded boards at 190 ∘ C and 60 bar pressure using a hydraulic press with 5-minute pressing cycle. The dimension of the molding frame was 340 × 280 × 4 mm. After the completion of the pressing cycle, the composites boards were allowed to cool before being released.
Pure PVC (without B. vulgaris particle) composites using C 1 composition were also prepared using the same processing procedures. Composite board samples were cut into samples for static flexural and dynamic mechanical-thermal analysis (DMTA). All samples were conditioned at 23 ∘ C temperature and 50% relative humidity in a controlled conditioning room before testing. Additionally, water-soaked samples which were prepared with C 1 composition were also utilized in static flexural and DMTA testing. Water-soaked samples (80 × 10 × 4 mm) were cut from long-term water uptake testing (60 days) samples which had been completed prior to this mechanical testing. While being described as water-soaked samples, these had been oven-dried for at least 2 days prior to testing.
Static Flexural
Testing. Static property testing was undertaken in a 3-point static flexural test using a universal testing machine model Zwick/Roell (Z010 Allround Line) equipped with Test Expert II software and 10 kN load cell. This test was conducted on original and water-soaked (C 1 only) composites (80 × 10 × 4 mm) at ambient temperature. Average static flexural modulus and flexural rupture testing were undertaken according to ASTM D 6662. Results are reported as an average of at least 5 replicate samples.
Dynamic Mechanical-Thermal
Analysis. DMTA was conducted in 3-point flexural mode using a dynamic analyzer TA instrument RSA-G2. Testing was conducted on original (C 1 and C 2 ) and water-soaked (C 1 only) composites samples (40 × 10 × 4 mm). Samples were heated at a rate of 3 ∘ C/min from ambient temperature to 110 ∘ C employing 1 Hz frequency and 0.05% strain.
Results and Discussion
Static Flexural Properties.
A range of PVC-bamboo composites were prepared varying in bamboo content and processing additives (Tables 1 and 2 ). Shown in Figure 1 are static flexural properties of PVC/bamboo composites prepared with C 1 and C 2 compositions. Compared to pure PVC (2866 MPa), higher flexural modulus was evident with greater bamboo particle content. The PVC/bamboo composites with 50% bamboo particle loading had a flexural modulus of ca. 5120 MPa compared to 3820 MPa for the composites with 25% particle content. For the 25% bamboo composite samples, the flexural modulus increases were up to 43% higher than pure PVC and 80% for composites with 50% particle content ( Table 2) . These flexural moduli 1 mm, 25% Figure 2 : Long-term (60 days) water uptake of PVC/bamboo composites (C 1 ) using different bamboo particle sizes and loading [17] .
increases are common in natural filler-polymer composites with bamboo particles contributing a 23% increase in stiffness of PP composites [7] and being similar to wood particles [19] . While increased composite stiffness is observed, incorporating bamboo particles with PVC generally reduced flexural rupture values (Figure 1 ). Across the composite samples, this reduction in flexural rupture was up to 39% (35 MPa, C 2 , 1 mm particles with 50% bamboo content). A greater bamboo content lowered flexural rupture, but values appear independent of particle size and additives. Decreasing PVC flexural rupture was also observed on combining wood particles with similar decreases (30%) across 35-60% wood contents [20] . The observation of decreased modulus of rupture in composites has been attributed to the interphase between the natural particle and matrix [21] , dispersion and wetting of the particles [20] , and, in the case of bamboo, decreasing strength of the composites due to irregularly shaped particles and stress transfer from the plastic matrix [7] .
Across the different combinations of lubricant concentrations and bamboo particle size, there was relatively minimal impact to flexural properties of PVC composites (Table 2) . Changing lubricant concentration had no effect on the static flexural modulus, but, arguably, a lower lubricant content (C 1 ) provided improved flexural rupture values compared to C 2 composites containing higher lubricant content. It was likely that matrix plasticization induced by the lubricant lessened the interaction between bamboo particle and PVC matrix [14] with this effect of reduced particle interaction being exaggerated at 50% particle content for the C 2 sample. While Kociszewski et al. [22] reported that PVC/wood composites with large particles have enhanced flexural modulus (11%), in the current study, there was little impact of the bamboo particle size on this composite property. On comparing 75 m and 1 mm particle sizes, the use of the larger particles increased flexural modulus values by ca. 7% and <1% with 25 and 50% particle loading, respectively. Any benefit in using larger wood particles to improve particle-matrix stress transfer and enhance flexural rupture values [22] was not observed in this current study using bamboo particles.
To initially assess their potential for exterior applications, PVC/bamboo composite samples were immersed in water prior to testing. Based on water uptake profiles (Figure 2 ), composite samples can rapidly absorb water before approaching saturation on extended soaking. Typically, for composites with 25% bamboo, there was a gradual increase in sample weight for the first 10-20 days before achieving a maximum of ca. 4% weight gain after 50 days. In contrast, with 50% bamboo content, the water absorption was relatively rapid in the first 20 days, before reaching saturation at ca. 10% weight gain after 30 days. Unsurprisingly, the water-soaked composites were revealed to have significantly lower flexural properties compared to the original composites (Table 2) , with up to 30% reduced flexural modulus. Within the water-soaked composites series, samples containing 1 mm bamboo particles have similar flexural modulus values (ca. 3500 MPa) with any influence of particle content considered relatively small. In the case of 75 m bamboo particles, water soaking also gave a flexural modulus of 3500 MPa at 25% bamboo content, whereas the 50% bamboo sample value was 4040 MPa. Flexural rupture values were also reduced on water soaking with samples containing 25% bamboo particles having ca. 50 MPa compared to ca. 35 MPa at 50% content. As happens with PVC composites containing wood furnish, this water soaking contributed to particle swelling, together with a likelihood of particle-matrix debonding [23] and microcracking within the brittle PVC matrix [24] . This consequently lowered the mechanical properties and overall composite performance. Furthermore, the higher water uptake (ca. 10% weight gain, Figure 2 ) at 50% bamboo content was directly attributable to the greater loss in flexural properties of these samples.
Composites
Properties by DMTA. DMTA was undertaken with composites to assess any influence of bamboo particles on mechanical properties at elevated temperature ( Figures 3  and 4 , resp., for C 1 and C 2 , and Table 3 ). Analysis revealed that the storage modulus ( ) for all composites samples tended to decrease with temperature before a rapid loss in sample stiffness on heating beyond the PVC glass transition (Tg, >70 ∘ C). Over the heating range (30 to 110 ∘ C), composites with 50% bamboo content maintain higher values compared to 25% bamboo with both samples being higher than pure PVC. Below the PVC Tg (ca. 70 ∘ C), values for 50% bamboo composites were ca. 20% higher than 25% bamboo (Table 3) , consistent with flexural properties measured at ambient temperature ( Figure 1 and Table 2 ). For the composite damping parameter (tan ) profiles, tan maxima were observed from 84 to 90 ∘ C across samples. The heights of these tan peaks were consistent with bamboo contents, with pure PVC being the highest (Table 3) . Also apparent in Figures 3 and 4 was the similarity of DMTA profiles of the C 1
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International Journal of Polymer Science and C 2 PVC/bamboo composites. This suggests the thermal properties of PVC in the composites were independent of the content of various processing lubricants used which was consistent with previous analyses of related PVC/bamboo composites [25] . In comparing the two bamboo particle sizes, DMTA revealed no clear trend between use of 1 mm and 75 m particles across the C 1 and C 2 composites and bamboo content.
DMTA of water-soaked PVC/bamboo composites revealed up to 30% lower values below 70 ∘ C when compared with original samples ( Figure 5 ). This was consistent with ambient flexural testing ( Table 2 ) and results for WPCs in which water immersion affects plasticization of wood components and contributes to fiber-matrix debonding [26] . However, above 70 ∘ C, DMTA profiles of water-soaked composites were comparable to those of non-soaked samples.
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Within the water-soaked composite series, DMTA revealed that those samples with <75 m particle size retained a higher compared to composites comprising <1 mm particles. While the mechanism for this effect is uncertain, it is possible that the smaller particles and their packing arrangements and potential particle swelling have lesser effect on matrix interactions than the coarser fraction.
In considering the flexural properties of composites before and after water soaking, the PVC-bamboo composites achieve ASTM D 6662 minimum requirements. With static flexural modulus values of the original composites ranging between ca. 3800 and 5100 MPa and flexural rupture between ca. 35 and 60 MPa (Figure 1) , each PVC-bamboo composite exceeded ASTM D 6662 minimum values of 340 and 6.9 MPa, respectively. While composite performance was significantly reduced on water soaking, flexural modulus and rupture values of. 3400 and ca. 34 MPa, respectively, for the 25% bamboo content samples at water saturation still meet the minimum performance expected for exterior applications. Furthermore, the use of DMTA has revealed that the PVC/bamboo composites can retain these mechanical properties up to temperatures of ca. 70 ∘ C. Additionally, with PVC having low moisture absorptivity (0.07% to 0.4% in 24 h) and a high resistance to fungus/algae growth in composites [11] , the outcomes of the present study suggest that these PVC/bamboo composites may be suited to both interior and exterior applications such as substituting for decking lumber products.
Summary
Flexural properties of PVC/bamboo composites under static and dynamic-thermal conditions have been evaluated by comparing differing bamboo particle sizes, 25% and 50% bamboo particle loadings, and effects of water soaking. Results indicate that both bamboo particle loading and composite water soaking have the most impact on composite performance. Use of differing bamboo particle sizes (<75 m and <1 mm) or processing lubricants led to relatively minor differences in composite properties. The use of bamboo particles led to significantly (>30%) increased composite flexural properties which was similar to using wood particles in WPCs. The PVC/bamboo composite flexural properties were retained on heating up to PVC (ca. 70 ∘ C) temperature. However, as with wood-filled composites such as WPCs, extended water soaking to full saturation led to 10% weight uptakes and reduced flexural properties of these composites. Nonetheless, overall, the flexural performance of PVC/bamboo composites, in their original form or saturated with water, achieves minimum ASTM D 6662 performance criteria and suggests the suitability of PVC/bamboo composites for both interior and exterior applications.
